In this study, we examined the protective effects of Danshen both on endothelial progenitor cells (EPCs) in patients with hypercholesterolemia and on in-vitro EPCs of healthy volunteers. In the clinical study, we randomly divided 24 subjects with hypercholesterolemia into two groups (the control group and the Danshen-treated group). At the end of two weeks of treatment, the EPC cellular functions of both groups were tested. The results indicated that, compared to the control group, EPCs in the Danshen-treated group showed significantly better cellular functions, which was manifested in the cloning number, the proliferation capacity, the number of EPC adhesions, and cell migration. In the subsequent in-vitro experiments, EPCs were treated with vehicle, oxidized low-density lipoprotein (Ox-LDL, 100 μg/ml), or Ox-LDL (100 μg/ml) plus different concentrations of Danshen (Danshensu 2, 10, or 50 μg/ml, respectively) for 24 h. The results showed that Danshen treatments can prevent the detrimental effects of Ox-LDL on 
Introduction
Myocardial ischemia accounts for an increasing mortality and morbidity within the societies living developed and modern lifestyles. Atherosclerotic plaque formation in the coronary artery is the pathological basis of the disease. Among other etiological factors such as hypertension, aging, and smoking, hypercholesterolemia is a major risk factor for atherosclerosis. Oxidized low-density lipoprotein (Ox-LDL) is known to cause endothelial dysfunction via reactive oxygen species (Harrison, 1997; Galle et al., 2000) . More and more evidences indicate that replenishment of normal functional endothelial cells by endothelial progenitor cells (EPCs) is very crucial for repairing arterial walls, and therefore for the recovery of coronary artery function (Asahara et al., 1997; Rauscher et al., 2003; Xu et al., 2003) . It has been demonstrated that EPCs of peripheral blood in patients with hypercholesterolemia were decreased , and their functions such as adhesion, migration, and proliferation were impaired (Zhu et al., 2006; Pirro et al., 2008) .
Danshen, a traditional medicine, is widely used in cerebrovascular and cardiovascular diseases (Du et al., 2000; Jiang et al., 2005; Zhou et al., 2005; Fish et al., 2006) . For the past few years, the pharmacological research of Danshen has made progress. It has been shown that Danshen has pharmacological effects such as anti-atherosclerosis, anti-inflammatory, and anti-oxidative damage (Liu H.B. et al., 2002; Liu C.L. et al., 2007; Baek et al., 2009) . A series of studies have shown that Danshen has a protective effect against the damage of endothelial cells caused by a variety of factors (Xu et al., 2001; Wu and Wang, 2002; Zhang et al., 2004) . Our preliminary studies found that Danshen at low concentrations was able to evidently increase the number of EPCs and enhance their adhesion and colony-forming abilities (Ji et al., 2006) . In this study, we attempt to inspect the therapeutic effects of Danshen and explore its underlying mechanism.
Patients and methods

Clinical study
We selected 12 pairs (24) of hypercholesteremia inpatients who were matched in age, sex, and disease conditions. Patients with recent surgical trauma, ulcers, retinal disease, tumors, acute myocardial infarction, and angina pectoris were excluded. Each of the pairs was randomly allocated into a control group or therapeutic group. The subjects in the control group received conventional therapy (atorvastatin calcium tablets, 10 mg, qn) and the therapeutic group received Danshen pills (270 mg, tid) and conventional therapy. After two weeks of treatments, we took 20 ml samples of peripheral blood from each patient. The EPCs were cultured and the changes in colonyforming, proliferative, adhesive, and migratory capacities were analyzed.
In-vitro experiments
To further explore the underlying mechanism of Danshen, we also took 20 ml of peripheral blood from six healthy volunteers to culture EPCs. After culturing for 7 d, cells were digested into cell suspension by 0.25% (w/v) trypsin, then an equal number of cells were plated into 24-well plates and divided into five groups, treated with vehicle, Ox-LDL (100 μg/ml), or Ox-LDL (100 μg/ml) plus different concentrations of Danshen (Danshensu 2, 10, or 50 μg/ml, respectively). After 24 h, the proliferative and adhesive capacities of EPCs were detected, and cell supernate from each group was taken to carry out the superoxide dismutase (SOD), malondialdehyde (MDA), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) content examinations as described below.
EPC culture
Human peripheral blood mononuclear cells were isolated using a Ficoll gradient (Hill et al., 2003) . The cells were resuspensed in M199 (Sigma), which contains vascular endothelial growth factor (VEGF; 10 ng/ml, Chemicon, USA), fetal calf serum (FCS, 10%, w/v), and anti-biotics, and seeded into six-well culture dishes which were pre-coated with fibronectin (Roche, USA) for culture.
Flow cytometry assays of CD34, VE-cadherin, VEGFR-2, and AC133
After culture for 6 d, mononuclear cells (MNCs) were digested and washed with Hank's solution two times. Then the cells were resuspensed with phosphate buffer solution (PBS) in 1×10 6 cells/ml single cell suspension. Fluorescent markers of cluster of differentiation 34 (CD34), vascular endothelial cadherin (VE-cadherin), vascular endothelial growth factor receptor-2 (VEGFR-2), and AC133 (10 μl, 1 mg/ml) were added in the medium. The cells were incubated at room temperature for 30 min. Then the supernatant was discarded, the cells were centrifugated and resuspensed with PBS once again. Eventually, the expressions of CD34, VE-cadherin, VEGFR-2, and AC133 were detected by flow cytometry (Vasa et al., 2001; Wang et al., 2004) , using GSC7901 (a gastric cancer cell line) as control.
Immunocytochemistry
After culture for 6 d, adherent MNCs were incubated with the fluorescent probe 1,1′-dioctadecyl-1-3,3,3′,3′-tetramethyl-indo-carbocyanine perchlorateacetylated-LDL (DiI-ac-LDL; 2.4 μg/ml, Molecular Probe) at 37 °C for 4 h (Vasa et al., 2001) . After staining, samples were viewed with an inverted fluorescent microscope (Leica, Wetzlar, Germany).
VIII-related antigen immunohistochemistry
After cultured cells were fixed with 95% (v/v) alcohol for 30 min, 0.5% (v/v) H 2 O 2 methanol inactivated endogenous peroxidase, plus the normal goat serum closed, the first antibody (1:1000) was incubated overnight at 4 °C, and the second antibody and strept actividin-biotin complex (SABC) liquid were incubated for 20 min in the oven at 37 °C, plus A, B, and C mixtures according to standard protocols. Positive cells were stained brown. Gastric cancer cells (GSC7901) acted as the negative control.
Colony-forming ability
After culture for 4 d, a typical cell mass can be observed in an inverted microscope, while a large number of round cells are in the middle, and spindle cells diffuse outwards. A typical cell mass containing more than 50 cells was considered to be a colony (Ji et al., 2006) . We took every field of a random vision (×40) in the dish up and down, in five positions, to count colonies, and then averaged them.
EPC adhesion detection
Adhesive cells were digested with 0.25% (w/v) trypsin, suspended in 500 μl culture medium and counted, then an equal number of EPCs were seeded into fibronectin-coated culture plates, and cultured at 37 °C for 30 min, with unattached cells being washed away. The number of adhesive cells was counted with an inverted microscope in 10 randomly selected vision fields (×200) (Walter et al., 2002) .
EPC migration detection
As mentioned above, the attached cells were digested and counted. Culture medium (100 μl) and VEGF (50 ng/ml) were added into the lower room of modified Boyden chamber (Vasa et al., 2001) , while 150 μl culture medium containing 2×10
4 EPCs was injected into the upper room. After culture for 24 h, the cells that did not move were scraped off. The cells that moved into the lower room were fixed with methanol, stained with Giemsa, and then counted with and inverted microscope in five randomly selected vision fields (×200).
EPC proliferation detection
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was applied to determine the proliferation of EPCs . As above mentioned, the attached cells were digested and counted. Then equal amounts of EPCs were seeded into fibronectin-coated 96-well culture plates, with 10 μl MTT (5 mg/ml) being added into each well. After culture for 24 h, the supernatant was discarded and then 150 μl dimethyl sulfoxide (DMSO) was supplemented into each well. The 96-well culture plates were fully oscillated for 10 min with trace oscillator, after which optical density (OD) values at 490 nm were detected by enzyme-linked immunosorbent assay (ELISA).
Supernatant cell SOD, MDA, IL-6, and TNF-α content detections
To detect the contents of SOD and MDA, the cell culture supernatant of each group was collected, followed by placing at a 95 °C water bath for 40 min, water-cooling, and 3500 r/min centrifugation. We took out the supernatant after centrifugation, and measured the absorbance value by a visible light spectrophotometer. To detect the contents of the IL-6 and TNF-α, the cell supernatants of all groups were collected, and treated according to standard operating procedures. Then the values of OD were read on the ELISA, and the concentrations of IL-6 and TNF-α were determined by a standard curve.
Data analysis
SPSS 13.0 statistical software was used for statistical analysis. Measurement data are presented as mean±standard deviation (SD). Differences between group means were evaluated by analysis of variance (ANOVA).
Results
Characterization of EPCs
After cultivation for 6 d, culture medium and the red blood cell debris were washed away. A total of 80-100 colonies that were round cells (Fig. 1a) were obtained from each blood sample. The volume and number of the cells were increased after two weeks. The cells connected to sheets and formed the typical cobblestone shape of the endothelial cells (Fig. 1b) . In the third week, some of the proliferating cells were then rounded individual cells or small colonies, slightly higher than the training plane. The cells formed an endothelial cell-specific structure of the lumen after long-distance cultivation. After cultivation for 6 d, the flow cytometry analyzed the cells that were expressed by CD34, VE-cadherin, VEGFR-2, and AC133 (Figs. 1c and 1d) . Fluorescent microscopy showed that, with cultivating time, more and more cells swallowed DiI-ac-LDL; red was stimulated by fluorescence microscope (Fig. 1e) , while the blank and negative control were not. VIII-related antigen Immunohistochemistry showed that positive cells were stained brown (Fig. 1f) .
Danshen pills on the function of peripheral blood EPCs
The analysis of the EPC cultivation of the peripheral blood in 24 hypercholesterolemia subjects showed that, compared with the control group, a twoweek treatment with Danshen caused a significant increase in the cloning number of EPCs of peripheral blood in hypercholesterolemia patients (4.47±0.94 vs. 3.38±0.57, P<0.01); the OD value of proliferation was increased (0.27±0.04 vs. 0.20±0.03, P<0.01), and the numbers of EPC adhesion (11.81±2.29 vs. 10.03±1.32, P<0.05) and EPC migration (15.75±2.27 vs. 11.95± 1.28, P<0.01) were also increased significantly.
Effect of Danshen on the adhesion ability of EPCs injured by Ox-LDL
Compared with the control group, Ox-LDL reduced the adhesion force of EPCs significantly (40.50±6.85 vs. 50.50±10.12, P<0.05). After the intervention of different concentrations of Danshen for 24 h, adhesion ability of EPCs was increased significantly, and the greatest effect was achieved in the 50 μg/ml group (compared with the Ox-LDL group, P<0.01). Also, the cell adhesion forces of the Danshen groups were significantly higher than that of the control group (P<0.01) (Fig. 2) .
Effect of Danshen on the proliferation ability of EPCs injured by Ox-LDL
Compared with the control group, Ox-LDL reduced the proliferation ability of EPCs significantly (0.13±0.02 vs. 0.24±0.08, P<0.05). After the intervention of different concentrations of Danshen for 24 h, their proliferation had increased significantly, and the greatest effect was achieved in the 10 μg/ml group (compared with the Ox-LDL group, P<0.01), while the effect in the 50 μg/ml group was dropped, but still higher than that in the control group (Fig. 3) .
Effect of Danshen on the SOD content of EPCs injured by Ox-LDL
Compared with the normal group, Ox-LDL reduced the SOD content in the cell supernatant significantly. After the intervention of Danshen for 24 h, the level of SOD was significantly increased (compared with the Ox-LDL group, P<0.01), and each group was markedly higher than the control group (Fig. 4) .
Effect of Danshen on the MDA content of EPCs injured by Ox-LDL
Compared with the control group, Ox-LDL improved the MDA content in the cell supernatant significantly [(3.72±0.30) vs. (5.57±0.64) nmol/ml, P<0.01). After the intervention with Danshen for 24 h, the level of MDA was reduced significantly (compared with the Ox-LDL group, P<0.01). No statistically significant differences were observed between the Danshen groups and the control group (P>0.05), and the effect between the different Danshen groups also showed no difference (P>0.05) (Fig. 5) .
Effect of Danshen on the IL-6 content of EPCs injured by Ox-LDL
Compared with the control group, Ox-LDL significantly improved the level of IL-6 of the EPC supernatant (P<0.001). After the intervention with Danshen at different concentrations for 24 h, the level of IL-6 of supernatant was significantly reduced (P<0.05), and no statistically significant differences were observed between the groups of Danshen at different concentrations (P>0.05) (Fig. 6 ).
Effect of Danshen on the TNF-α content of EPCs injured by Ox-LDL
Compared with the control group, Ox-LDL significantly improved the level of TNF-α of EPC supernatant (P<0.001). After Danshen at different concentrations for 24 h, the level of TNF-α of supernatant was significantly reduced, and had a negative correlation with the concentration of Danshen (P<0.05) (Fig. 7) .
Discussion
Ox-LDL causes endothelial cell dysfunction by oxidative damage to endothelial cells and induction of endothelial cell apoptosis. It was known that endothelial cell injury or dysfunction is the initiating agent to atherosclerosis (Ross, 1993) . Previous studies (Griese et al., 2003; Werner et al., 2003) showed that accelerated re-endothelialization by EPCs effectively inhibited SMC migration, proliferation, and neointima formation, and therefore prevented the development of the early stages of restenosis after vascular injury. EPCs can also promote angiogenesis of ischemic disease, especially in ischemic cardiovascular and cerebrovascular disease (Kawamoto et al., 2001; Murayama et al., 2002; Kawamoto et al., 2003; Suzuki et al., 2003) . They play a momentous role in the prevention of early atherosclerosis and the treatment of restenosis after angioplasty.
Hypercholesterolemia not only causes endothelial cell damage, but also affects the number and function of EPCs. Other research has shown that Ox-LDL is the main reason for the changes of function and number of EPCs in patients with hypercholesterolemia . The exact mechanism of how Ox-LDL leads to reduced and impaired function of EPCs is unclear. Our data show that, compared with the control group, Ox-LDL markedly reduced the activity of SOD and improved the levels of MDA, IL-6, and TNF-α of the EPC supernatant. At the same time, the proliferation capacity and adhesion ability of EPCs were significantly impaired, which suggests that Ox-LDL may damage EPCs by impairing anti-oxidase activity and promoting the release of the inflammatory factors of EPCs.
In recent years, many studies have shown that Danshen has a protective effect on endothelial cell injuries caused by a variety of factors. However, studies concerning Danshen's effect on EPCs are few. Our pilot research investigates the effect of Danshen on the function and the number of EPCs (Ji et al., 2006) . We found that Danshen at low concentrations (2 μg/ml) can significantly amplify the quantity of cultured EPCs, and enhance adhesion and colony-forming ability. The current study showed that Danshen pills might significantly improve the peripheral blood EPC functions in patients with hypercholesterolemia.
The exact mechanism of Danshen's protection on the number and function of progenitor cells in patients with hypercholesterolemia is still unclear. This study found that Danshen can not only improve the proliferation and adhesion ability of EPCs injured by Ox-LDL, but also significantly increase the SOD content in the cell supernatant and reduce the level of MDA compared to the control group. SOD, which can remove superoxide radical anions and protect cells from damage, plays a key role in the balance of oxidation and antioxidant of the body. MDA indirectly reflects the severity of cells attacked by free radicals. According to this, it is conjectured that the Danshen can increase the EPC ability to secrete SOD, increase the cells ability to remove oxygen free radicals, and then protect the polyunsaturated fatty acids of cell membranes. Oxygen free radicals also can damage cells through hydrogen peroxide, but Danshen is able to reduce cell supernatant MDA content, suggesting EPCs can partly block the hydrogen peroxide process, and then have a protective effect at the molecular level.
Our data also show that Danshen can also significantly reduce the levels of IL-6 and TNF-α of EPC supernatant. IL-6 is a cytokine of circulation, of which the level appears to reactively rise with acute myocardial infarction (AMI), unstable angina, percutaneous coronary intervention (PCI), and restenosis after PCI. On the one hand, IL-6 stimulates platelet aggregation, and induces tissue factor and macrophage LDL receptors, CRP, and fibrinogen expression. On the other hand, it can also regulate the expression of other inflammatory cytokines such as IL-1 and TNF-α (Ikeda et al., 2001) . Also, TNF-α may participate in the occurrence and development processes of atherosclerosis (AS) and coronary heart disease (CHD) through injuring vascular endothelial cells (VEC), promoting clotting, restraining fibrinolysis, and promoting the adhesion of monocyte to endothelial cells (ECs) (Ridker et al., 2000) . After Danshen use for 24 h, the levels of IL-6 and TNF-α were significantly reduced, which suggests that Danshen may protect EPCs from the damage caused by Ox-LDL by inhibiting the release of EPCs' inflammatory factors. Our data also show that compared with the control group, Danshen also significantly improved cell function, and reduced the levels of IL-6 and TNF-α in the EPC supernatant, which suggests that Danshen can not only be used to reduce the damage of EPCs from Ox-LDL, but also significantly enhance the anti-inflammatory ability of EPCs.
